Abstract-A general formulation of silicon damage metrics and associated energy-dependent response functions relevant to the radiation effects community is provided. Using this formulation, a rigorous quantitative treatment of the energy-dependent uncertainty contributors is performed. This resulted in the generation of a covariance matrix for the displacement kerma, the NorgettRobinson-Torrens-based damage energy, and the 1-MeV(Si)-equivalent damage function. When a careful methodology is used to apply a reference 1-MeV damage value, the systematic uncertainty in the fast fission region is seen to be removed, and the uncertainty for integral metrics in broad-based fission-based neutron fields is demonstrated to be significantly reduced.
I. INTRODUCTION
T HE radiation effects community needs a rigorous highfidelity quantification of the uncertainty in various damage metrics that are used in the assessment of the radiation response of materials. Table I lists a set of eight damage metrics that are relevant to silicon semiconductors. The most important metric to the radiation effects community is the 1-MeV(Si)-equivalent fluence [1] . This metric is based on a normalization of the silicon Norgett-Robinson-Torrens (NRT)-based damage energy [2] , which is, in turn, based on a displacement threshold energy treatment that is applied to the silicon displacement kerma metric [3] . References [4] - [6] looked, separately, at the uncertainty contribution to the displacement kerma due to nuclear data, the threshold treatment, and the energy partition functions. This paper provides a general framework for mathematically expressing a wide range of the relevant damage metrics in a coherent formulation and combines the separate uncertainty contributors to produce an overall uncertainty in the damage metrics. It also extends the uncertainty characterization from the displacement kerma [7] , [8] to the 1-MeV(Si)-equivalent damage metric [9] - [13] that is used in most displacement damage studies in electronics [1] . It does this while incorporating consideration for all various sources of uncertainty in the calculated metrics, and provides a rigorous quantification of the neutron Manuscript received July 11, 2018 ; revised October 7, 2018 ; accepted October 8, 2018 . Date of publication October 15, 2018; date of current version January 17, 2019 . This work was supported by the U.S. Department of Energy's National Nuclear Security Administration under Contract DE-NA0003525.
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Digital Object Identifier 10.1109/TNS.2018.2876058 energy-dependent uncertainty for the 1-MeV(Si)-equivalent fluence metric in the form of a covariance matrix [14] - [16] . The covariance matrix, basically, captures the "stiffness" of the energy-dependent metric to changes in its values at two different energy points, when the uncertainties in the metric are considered. It determines that if one energy point goes up, then does the other point also go up (correlation = +1), or does it go down (correlation = −1), or is it truly independent (correlation = 0). The importance of properly treating the correlations between the uncertainty contributors is explored. The proper treatment of the energy-dependent correlation in integral metrics can make differences as large as factors of 5 or 10 [17] in the resulting uncertainty. The resulting uncertainties for the spectrum-averaged displacement kerma and 1-MeV(Si)-equivalent fluence metrics in various neutron benchmark fields are presented for cases, where the correlation is properly treated and compared with cases where it has been ignored. Experimental uncertainties in the ratio of displacement damage at different reactor facilities have been previously reported [18] . The calculated uncertainties for the displacement kerma, as reported here with a rigorous treatment of the energy-dependent correlations, are on a par with the experimental uncertainties seen in broad-spectrum reactor fields. However, the calculated uncertainties in the 1-MeV(Si) metric are seen to be much smaller than the experimental uncertainties in the measured damage ratios.
II. DEFINITION OF NEUTRON DAMAGE METRICS
A macroscopic integral neutron damage observable facility D type can be expressed as the convolution of the neutron source term over an energy-dependent microscopic damage response function type (E), and the normalized incident neutron fluence φ facility (E). The macroscopic observable facility D type is given by the expression shown in the following equation, where type C is a response unit conversion factor that 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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varies with the selected microscopic damage response, facility is the neutron fluence, and φ facility (E) is the normalized energy-dependent neutron spectrum:
The damage response function type (E) can be expressed by the general expression
This expression is general enough in form to capture the formulation of most of the commonly used silicon damage metrics. In this expression, the following are observed.
1) The summation is over all reaction channels i and all particles, j i , emitted in that reaction.
2) The integral is over the recoil particle energy and the recoil emission angle, μ = cos(θ). 3) E is the energy for the incident neutron. 4) E d is the angle-averaged displacement threshold energy for the silicon lattice. 5) σ i, j i (E) is the cross section for producing particle j i , through reaction i. 6) T R, j i is the associated recoil particle/ion energy for the reaction channel responsible for the production of the recoil atom i and for the type of recoil particle j i . 7) f E, μ, T R, j i is the energy/angle distribution for emitted charged particles with an energy T R, j at an angle characterized by μ = cos(θ) that result from the j i particle in the i th reaction channel and are induced by the incident neutron energy with energy E.
where this type designator can take on values such as Kinchin-Pease (KP) for the KP model [19] or NRT for the NRT modification [2] to the KP model. [24] , or a value of Ack that refers to the Akkerman fit [25] to the silicon partition function. 12) ion T R is an ion-specific and energy-specific shorthand notation used for the effective damage/defect compo-
that is introduced because this expression is used as an argument in other expressions. Equation (2) introduces a general notation for the energydependent response functions that are designed to accommodate the expression of a wide range of damage metrics. Because of this generality, the expression has several-dependent qualifiers that appear in the terms on the right-hand side (RHS) of the equation and are labeled as type-A, type-B, type-C, and type-D. This dependence in the left-hand side of the equation is captured in the more succinct composite "type" qualifier to the response function which can be mapped into the consolidation of the individual type qualifiers in the RHS. These type qualifiers enable the expression to capture different approaches that are reported in the literature for metrics that have been correlated with various observed damage modes. The energy partition function type−D T dam (T R, j i ) can refer to damage modes as diverse as the displacement or ionizing component of the deposited energy. The residual damage/defect efficiency/survival term type−C ξ( type−D T dam ) is typically a function of the recoil ion energy, and the recoil energy-dependent shape of this function can depend upon the physical mechanisms that underlay the damage mode being addressed. Use of this residual damage/defect efficiency/survival term has not been found to be necessary when discussing damage in silicon for neutrons with energies less than 20 MeV, but it is used by the radiation effects community when addressing damage in GaAs [1] , [26] .
All the damage metrics in Table I have response functions that can be cast into an expression of the form shown in (2) . The Appendix in this paper shows the detailed formulation for some of the more commonly used damage metrics, such as the total kerma, the ionizing kerma, the displacement kerma, the NRT-based Frenkel pair production, and the NRT-based damage energy.
III. FORMULATION OF NEUTRON DISPLACEMENT METRICS
As an example of the formulation of the expression for the silicon damage metrics, consider the formulation of the NRT-based damage energy [2] , [23] . This is the fundamental damage metric addressed in ASTM E722 [1] and provides the foundation for the definition of the 1-MeV(Si)-equivalent damage metric. The NRT-based damage energy is defined in a manner similar to that for the displacement kerma, but also incorporates a special treatment in the region near the displacement threshold energy. When this threshold treatment is applied to the displacement kerma using the Robinson damage partition function, the NRT-damage energy NRT_DE (E) can be defined, in the form of (2), where
where β is an atomic scattering correction and is generally taken to be 0.8; and the k L , E L , and g(E) terms are defined within the formalism of the Robinson fit to the LSS partition function [2] , [27] .
Within the definitions/notation of this model, the number of Frenkel pairs generated is equal to the NRT-damage energy divided by an NRT-reference damage energy NRT α which is defined in (20) that is shown in the Appendix.
The 1-MeV(Si) damage metric is given as
Various approaches have been used to suggested ways to define κ ref Si , the reference 1-MeV(Si) value. The most commonly accepted methodology [9] - [12] is to fit the damage energy with the two-parameter functional form
over a specified energy interval and with a specified weighting function, and then to extract the reference value at an energy of 1-MeV
IV. METHODOLOGY FOR ADDRESSING COMPOSITE UNCERTAINTY FROM UNCERTAINTY CONTRIBUTORS
To be useful in dosimetry applications, the macroscopic damage metric facility D type given by (1) must have an associated uncertainty. The determination of the uncertainty in the calculated damage metric requires that we consider the contribution from both the neutron spectrum and from the response function terms. The neutron energy-dependent correlations in the microscopic damage response function and in the neutron spectrum in (1) must be rigorously treated. Most neutron irradiation facilities used in dosimetry applications support the use of fluence monitors with a quantified uncertainty and provide a neutron spectrum characterization, based on either time-of-flight or spectrum adjustment using activation foils. The energy-dependent sensitivity of the fluence monitor and the neutron spectrum typically has uncertainties provided in the form of covariance matrices. The characterization of the neutron energy-dependent uncertainty of the response function is more complicated than that of the neutron spectrum. The formulation of the expression in (2) was designed to support a separation of various physics-based terms and an isolation/separation of various uncertainty contributors in the response function. A critical aspect of this response function uncertainty is the detailed consideration of the recoil energydependent uncertainty of various functional quantities shown in (2) . Sections IV-A-IV-D address the uncertainty of each of the recoil ion energy-dependent terms seen in (2) and detail the treatment used to propagate these uncertainty components into the neutron energy-dependent uncertainty of the response function type (E).
A. Uncertainty Due to the Nuclear Data
The nuclear data contribution to the uncertainty in the effective damage/defect generation term of (2)
, is rigorously addressed in this paper by using a Monte Carlo-based sampling of the uncertainty due to the nuclear data. The nonlinear uncertainty propagation of this term is captured using a sample-based approach based upon the random nuclear data libraries available from the TENDL-2015 library described in [28] and based upon TALYS code calculations [29] . A 300-element sampling of the random TENDL-2015 nuclear data libraries for the 28 Si isotope was used in the NJOY-2012 code [27] to generate a set of neutron energy-dependent response functions for various metrics of interest. Energy-dependent uncertainty characterizations, in the form of energy-dependent standard deviations and correlation matrices, were extracted from this statistical sampling. A strong correlation was found to exist between the damage metric contributions resulting from the difference in the magnitude of the cross section and the difference in the recoil spectra for different reaction channels. Thus, the cumulative effect of the nuclear data uncertainty in the damage response metrics had to be calculated rather than merely summing the uncertainty for the contribution from the individual reaction channels [4] . Fig. 1 shows a representative example of the resulting correlation matrix for uncertainty in the displacement kerma due to the uncertainty in the nuclear data. The separation in the two regions of the correlation matrix above and below ∼1.8 MeV is due to the fact that this energy corresponds to the neutron energy where inelastic and transmutation channels open. Below this energy, the elastic cross section dominates and a tight energy-dependent correlation is seen. The structure near 200 keV is due to the resonance structure seen in the cross section.
B. Uncertainty Due to Interaction Potentials
The interaction potential contribution to the uncertainty in the effective damage/defect generation term type−B ζ(E d , T R, j i , type−D T dam ) is also rigorously addressed in this paper by using a Monte Carlo-based sampling of a functional fit to binary collision approximation-derived damage metric partition functions within the NJOY-2012 calculational method- 28 Si displacement kerma using a Weibull functional form and a uniform parameter sampling.
ology as described in [5] , [30] , and [31] . Fig. 2 shows a representative example of the resulting correlation matrix for uncertainty in the displacement kerma due to the uncertainty in the interaction potential. A strong long-range correlation in the uncertainty is seen because of the smooth behavior of the ion stopping power, and the fact that, for incident neutron energies below 20 MeV, the stopping power for the outgoing recoil ion stopping is below the Bragg peak and, hence, shows a strong energy-dependent correlation.
C. Uncertainty Due to Threshold Treatment
The threshold treatment uncertainty in the type−A (E d , ion T R ) term of (2) This uncertainty contributor is discussed in [6] . The range for the variation in E d is supported by both experimental and calculational investigative approaches [3] . Fig. 3 shows the correlation matrix for this uncertainty contributor. The high-energy portion is seen to be uncorrelated since the recoil ion energies, here, are well above the displacement threshold energy. The structure in the low-energy portion of the correlation matrix is centered around the point where the maximum kinematically permitted energy for an elastic scattering recoil ion is equal to the displacement threshold energy. The effect of changes in the effectiveness of the damage/defect generation in the threshold region was explored, e.g., the difference between a sharp threshold KP treatment, an NRT treatment, or a Snyder-Neufeld treatment [32] , and found to not significantly change the shape of the correlation matrix.
D. Uncertainty Due to Model Defect
An uncertainty term due to "model form" or "model defect" was also considered. This category was used to address any uncertainty aspects that were not captured in the normal accessible model parameter variation. The energy-dependent correlation in the "model defect" uncertainty contributions was based on expert judgment and a conservative treatment. The "model defect" contributions addressed includes the following.
1) Additional uncertainty in the recoil spectra not accounted for in the nuclear model-based parametric approach. 2) NJOY-2012 model defect in the treatment of the kerma resulting from (n, γ ) reactions based on the difference due to the use of a File 6 or File 12 representation in the nuclear data evaluation. 3) Correlation in the high-energy tail of the damage partition function not captured in the parametric approach used. 4) Use of a normal distribution for some model parameters that exhibited a very large uncertainty but had a physics-based nonnegativity constraint. 5) Treatment of displacement contributions from alpha particles and protons in the exit channels. 6) Potential correlations between the nuclear data and the ion-potential uncertainty contributions.
E. Composite Covariance Matrix for Silicon Displacement Kerma and Damage Energy
The energy-dependent uncertainties due to the nuclear data, interaction potential, and model defect uncertainty contributors can be considered to be independent, and their covariance matrices combined to yield an uncertainty characterization of the displacement kerma. The resulting uncertainty for the silicon displacement kerma is depicted as an energy-dependent standard deviation and correlation matrix in Figs. 4 and 5. The structure in the correlation matrix is a combination of the structure present in the nuclear data and interaction potential uncertainty components discussed in previous sections. The uncertainty in the damage energy has a similar shape to that for the displacement kerma, but also adds in the uncertainty due to the threshold treatment.
F. Propagation of Uncertainty Into Integral Metrics
Once we have the energy-dependent microscopic response function type (E) and its covariance matrix, this information can be combined with the energy-dependent uncertainty of the neutron spectrum, φ facility (E), and propagated through the integral shown in (1). These two uncertainty contributors (spectrum and response function) can be treated as uncorrelated. The energy-dependent correlations within the integral can be addressed by representing the integral as a summation over energy groups and properly propagated, with correlation, the resulting sums, and products. Table II lists the uncertainty contributions due to the spectrum and various response functions for various damage metrics in the 252 Cf spontaneous fission standard benchmark [33] . The response function uncertainty contributions for various metrics include the contributions addressed in the previous sections and include those due to the knowledge of the nuclear data (Nuc. Data.), the interaction potential (Int. Pot.), and the behavior in the threshold region (Thresh.). Uncertainties due to the knowledge of the neutron spectrum are seen to be very small because the 252 Cf(s.f.) source is a very well characterized standard benchmark neutron field. Uncertainty contributions to the integral metrics are given in column 4 for a proper energy-dependent treatment using the correlation matrix. Column 3 gives the uncertainty contributions that result from an assumption that the energy dependence is fully correlated. A fully energy-correlated uncertainty is often assumed when a proper uncertainty characterization is not available. For the NRT-based damage energy, the proper treatment of the uncertainty shows that the uncertainty contribution from the interaction potential is over three times that from the nuclear data. For this same metric, there is a factor of two differences between the nuclear data uncertainty when using a proper covariance matrix as opposed to the fully correlated assumption. However, for the interaction potential uncertainty, the fully correlated and properly uncertainties are nearly identical. This is because, as shown in Fig. 2 , the uncertainties due to the interaction potential are nearly fully correlated over the relevant neutron energy range-and the proper correlation treatment corresponds closely to that from the fully correlated treatment.
V. APPLICATION OF THE 1-MEV(SI) NORMALIZATION CONSTRAINT TO THE UNCERTAINTY METRIC

A. Selection of a Reference 1-MeV Value
As described in (6), the 1-MeV(Si) energy-dependent response function is obtained by selecting a reference 1-MeV(Si) damage value and dividing the silicon NRT-based damage energy by this reference value. As per the guidance in ASTM E722-14 [1] , the community-standard reference damage level is defined to be 95 MeV-mb. The determination of a reference 1-MeV(Si) displacement kerma [9] , [13] is difficult since this energy is in the middle of a resonance region in the cross section. Fig. 6 shows the detailed 640-group representation of the energy-dependent silicon displacement kerma as recommended in ASTM E722 the accepted standard for most dosimetry applications. The resonance structure in the underlying cross sections near 1-MeV is even more complicated than illustrated in this multigroup representation of the damage energy. Fig. 7 shows the detailed point cross section based on the 28 Si ENDF/B-VII.0 point cross section representation.
The reference value was historically determined to be 95 MeV · mbarn ± 4 MeV · mbarn [9] by fitting, over the energy region from 0.01 to 10 MeV, using the simple smooth function form [9] - [12] shown in (7) . The original fitting using weighting spectra and cross sections from the 1970s and yielded fitting parameters of A = 1.02 MeV −1 and B = 3.1 MeV [9] . The fit to the displacement kerma in the original work is shown in Fig. 8 . The quoted uncertainty came from the variation in the reference value when the fitting process was carried out with various spectrum weighting functions, ranging from fast burst reactors (FBRs) to pool-type reactors, and using various tabulations of the displacement damage as computed in the 1970s [7] , [8] . Table III lists the results of carrying out a similar fitting process, using the historical functional form shown in (7), but with the current representation of the energy-dependent displacement kerma. The results presented in Table III were derived using a least-squares minimization process over the designated energy interval and using a uniform/constant weighting function. The deduced reference value is seen to be fairly insensitive to the energy-group structure but it is very sensitive to the energy region used in the fitting process. Variations in the spectrum weighting functions showed a sensitivity similar to that seen for variations in the energy interval.
The motivation to use a 1-MeV(Si) response function and its associated uncertainty, rather than the damage energy, is that the division by a reference value has the potential to remove a considerable portion of the systematic uncertainty seen for integral metrics in fast neutron fields. We note that, while the reference value is seen to be very sensitive to details of the fitting process, the specific value used for the reference value is not critical in dosimetry applications as long as the same reference value is used consistently in a given application. Thus, the important consideration in the uncertainty analysis is that a consistent protocol is used in determining how the reference value is selected and in applying it to the applicable damage energy response function.
If the procedure for selecting the reference value is to be standardized, decisions must be made regarding the energy interval used in the fitting and in the weighting function. Learning from the comparison with the historical fitting, it is not desirable to depend upon the use of weighting functions that are characteristic of specific reactors or upon a specific spectrum characterization methodology. This suggests that the weighting function be either: 1) a uniform/constant weighting function or and 2) the spectrum for a standard benchmark neutron field relevant to the fast neutron energy region. The dosimetry standard benchmark field in the ∼1-MeV energy region is the 252 Cf spontaneous fission neutron spectrum [33] . The energy interval used in the weighting process is intended, by its very name and by the simple shape of the fitting function, to be representative of the 1-MeV neutron energy region. It is also, historically, intended to be representative of the energy sensitivity region seen for integral displacement damage metrics in fission reactor spectra.
B. Uncertainty for the 1-MeV(Si) Response Function
To accurately apply the normalization condition, a 10 000-element statistical sample was generated from the 89-energy-group covariance matrix for the NRT-based 28 Si damage energy using a Cholesky transformation [34] . A leastsquares-based fitting process was then applied to each individual sample using a uniform weighting over the energy interval from 0.5 to 5 MeV. Each sample was then divided by the corresponding reference value, and a 10 000-element statistical sample of the 1-MeV(Si) response function was produced.
When this Monte Carlo-based approach [16] , [35] was used to apply the normalization constraint to the NRT-based displacement kerma, the result was a 1-MeV(Si) reference value for the sample of 89.88 MeV-mbarn ± 5.1%. This standard deviation is similar to that associated with the traditional 95-MeV-mbarn value, and the new reference 1-MeV value only differs by about one standard deviation from the traditional value. As long as the previously noted condition that a consistent reference value is used, and the application is restricted to reactor-based applications, this difference in reference values should not significantly affect the interpretation of the deduced 1-MeV(Si)-equivalent fluence in typical applications. Fig. 9 shows the energy-dependent standard deviation that was extracted from this statistical sampling of the 1-MeV(Si) response function. While this energy-dependent standard deviation does not appear to differ significantly from that for the NRT-based displacement kerma depicted in Fig. 4 , the correlation matrix was different-and this can impact the uncertainty propagation in integral metrics.
The conventional covariance-based approach to propagating uncertainty through an integral metric, as seen in (1), is to express the integral as a sum over products of the spectrum and response function, assume that the uncertainties have a normal/Gaussian distribution, and to use the first-order Taylor series decomposition in the uncertainty propagation through the sums and the products. The total Monte Carlo (TMC)-based approach to the uncertainty propagation involves the direct computation of the variation in the metric from the raw statistical sample rather than from a Cholesky-based sampling of the associated covariance matrix that characterizes the sample population. Although there are differences between these two approaches, when the uncertainty can be accurately characterized by a normal/Gaussian distribution, the two approaches should yield consistent integral uncertainty values.
As a first verification step in our generation of the TMC statistical sample, a comparison was made between the uncertainties computed with these two methods for integral metrics in representative neutron benchmark fields. Fig. 10 shows the differential energy representation of the neutron spectra for a set of neutron benchmark fields that were used in this verification step. These neutron fields represent a wide range of spectra that range from fast pure fission fields, like the 252 Cf(s.f.) field, to FBRs fields, to moderated pool-type reactor Table IV lists the uncertainties in the NRT-based silicon damage energy produced by these two approaches. In order to make this, a more comprehensive comparison of potential applications, Table IV compares the uncertainties from the two approaches in the broad-spectrum neutron benchmark fields shown in Fig. 10 as well as for some monoenergetic spectra. The results show very good agreement in the uncertainties for the integral metric and verify the implementation of the uncertainty propagation process for both of the approaches. Given this verification of the TMC calculation of the uncertainty in the integral NRT-based damage energy metric, the same TMC uncertainty quantification approach was applied to the 1-MeV(Si) integral uncertainty in the same set of neutron fields. Table V lists the uncertainties for the integral 1-MeV(Si) metric in several different neutron fields. A comparison between Table IV damage energy metric and Table V 1-MeV(Si) metric shows that there is a significant decrease in the integral uncertainty for broad-energy fast fission neutron spectra while the uncertainty in monoenergetic fields is virtually unchanged. The uncertainty in the thermal Maxwellian neutron field, which is far from where the 1-MeV(Si) normalization constraint was applied, is also seen to be little affected in going from a damage energy to a 1-MeV(Si) integral metric.
VI. CONCLUSION
This paper has outlined a general methodology for expressing the uncertainty in the set of damage metrics relevant to silicon-based semiconductors. The sources of uncertainty in the silicon displacement kerma have been identified and quantitively captured in the form of covariance matrices-and depicted in the form of energy-dependent standard deviations and correlation matrices. This paper was then extended, using a TMC-based approach, to address the uncertainty in the 1-MeV(Si) response function. While a community consensus is still needed on the details of how the reference 1-MeV value is expressed, e.g., the weighting function and energy range used in the fitting process, a recommendation for these selections is made, and the resulting uncertainty characterization for the 1-MeV(Si) response function is presented. The application of the resulting normalization constraint to produce a 1-MeV(Si) response from a damage energy is seen to significantly reduce the uncertainty in the integral 1-MeV(Si) damage metrics for broad-energy fast fission neutron fields while not affecting the uncertainty for monoenergetic fields, even a 1-MeV monoenergetic field, or in a thermal Maxwellian neutron field.
APPENDIX EXAMPLES OF DAMAGE FUNCTION FORMULATION
The general expression shown in (2) can be used to capture most of the traditional damage metrics used by the neutron metrology community. To clarify the flexibility of the formulation/notation and to aid in the interpretation of various "type" designators, the following sections provide the explicit formulation for some of the most commonly used damage metrics.
A. Total Neutron Kerma
The total kerma damage metric defaults to the very simple form {type = kerma} = {type-A = unity|type-B = total|type-C = unity|type-D = unity} where
and (2) reduces to the simple form
B. Neutron Displacement Kerma
The neutron displacement kerma damage metric builds upon the kerma formulation but uses the Robinson formulation of the damage partition function. The form here is
The function g(x) and the scalar expression k L are defined in [2] and [27] . Equation (2) , for the displacement kerma, then reduces to the simple form
C. Neutron Ionizing Kerma
The neutron ionization kerma damage metric builds upon the kerma formulation but subtracts the displacement kerma from the total kerma to capture the fraction of the recoil ion energy that goes into ionization. The form here is 
D. NRT Displacement per Atom (dpa)
The most widely used damage metric for metal embrittlement is the NRT displacement per atom metric which is proportional to the NRT Frenkel pair production [2] , [36] . This metric builds upon the Robinson form of the displacement kerma but applies a modified KP formulation to treat the probability of producing a lattice ion displacement near and below the threshold displacement energy. The form here is {type = NRT-dpa} = {type-A = unity|type-B = NRT-dpa| type-C = unity|type-D = Rob} where the threshold treatment is given as
is the Robinson formulation for the recoil energy going into displacements. Equation (2) for the NRT dpa then takes the traditional form NRT-dpa (E)
E. NRT-Damage Energy
Because there is a large uncertainty in the value used for the threshold displacement energy, whether deduced from molecular dynamic modeling or experiments, many damage metrics use a form of the damage energy rather than a direct dpa. In the NRT formulation, the energy required to produce a Frenkel pair is defined as
The damage energy threshold function is then the dpa function multiplied by this reference energy, NRT α. Thus, the NRTbased damage energy threshold treatment is given as
The form of the type qualifier for the response function is {type = NRT_DE} = {type-A = unity|type-B = NRT_DE| type-C = unity|type-D = Rob}.
Equation (2) for the NRT-damage energy then takes the traditional form
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